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By FrsncisJ. ClaussandJsmesW. Freemsn

W’MMARY

An experimentalstudywasmadeoftheeffectofthefollowingfactors
onthelifeoftwoductilealloys(S-816andhconel550)underhigh-
temperaturethermal-fatigueconditions:

(1)Themaxinmncycletemperature,~=

(2)Thetemperatureclifferenceof cycling,AT = ~a - ‘I&

(3)Thecyclicttieof exposureatthemsxkum cycletemperature,t
at G=

(4)Thecyclicplasticstrain,6P.

TensilespecimensofS-816and~conel550werealternatelyheated
andcooledwhileconstratiedina mannerthatpreventedtheirfreeaxial
expansionandcontraction,sndthenmnberof cyclesto fracturewasdeter-
mined.Hardnessmeasurementsandmicrostructuralstudiesweremade.

Forthematerialsandtestconditionsstudied,thefollowingcon-
clusionsweredrawn:

Thenumberof cyclesto failurewasmoresensitiveto chsnges
inthemaxhmncycletemperaturethanto changesinthetemperature
clifference.

*Theinformationpresentedin this reportwasofferedbyDr.F. J.
Claussasa thesisinpartislfulfillnentoftherequirementsforthe
degreeofDoctorofPhilosophyinMetallurgicalEngineering,University
ofMichigaa,AnnArbor,Michigan,June1957. ProfessorJsmesW. Freeman
waschairmanofDr.Clauss’doctoralccmmitteeandisalsoa consultant
to theLewisFlightFropul.sionLaboratory.
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INTRODUCTION

.

.

Thermalfatigueistheprocessby whicha materialultimatelyfrac-
turestiterbeingrepeatedlyheatedandcooledwithoutbeingallowedto
expsndendcontractfreely.Thoughthermal-fatiguefailuressreby no
meansa newproblem,thetrendsinmoderntechnologytohighertempera-
turesW cyclicoperationshaweincreasedtheiroccurrenceenddsmsging
effects.l?merousexempleshavebeendiscussedintheliterature,for
exsmple,powergeneratingplants(refs.1 end2),petroleumrefineries
(refs.3, 4,and5),turbojetengines(refs.6 to10),endnuclear
reactors(ref.n).

Consideringitshportance,thereisverylittlefumdementalinfor-
mationavailableonthermalfatigueinductilematerials.Mdikmaticsl
enalyseshawebeenlargelyconfinedtobrittlematerialsorto idealized
conditionsinductileones.Laboratoryresultsontherelativemeritsof
realmaterialsinthermalfatiguehavenotalwaysbeenconsistent,nor
haveattem@sto correlatethemtithserviceperformemcealwaysbeen
successful.

A progrsmoffundamentalresearchonthethermal-fatigueprocessin
ductilematerielshasbeenconductedattheLewislaboratoryofthe
Natione3AdvisoryCommitteeforAeronautics,sndtheresultsarepresented
hereandinreference12. Thepresentreportreviewstheliteratureon
thermalfatigueemdpresentsresultsontheeffectsofvarioustestcon- *

ditionsonthennber ofcyclesto completefailure.Reference12deals
withchengesinthematerialpropertiesthatoccurpriortofailureasa -

resultofvsriousemountsofexposuretothermal-fatigueconditions,and
.

italsoextendsexistingtheoriesofmechanicalfatigueendcreeprupture
to explainthebehaviorofductilesJloysduringthermalfatigue.

Thespecificpurposesofthepresentexpertientelinvestigationwere
tos+udythe
life:

(1)The

(2)The

(3)The

effectsofthefollowingconditionsonthethermal-fatigue

meximumcycletemperature,Tmm

temperaturedifferenceofcycling,AT = qu

cyclicttieofexposureatthemexbmmcycle
at Tm=

(4)Thecyclicplasticstrain,6P (which,ofcourse,
andtheothertestconditions).

Intheexperhnentslpsrtofthisstudy,tensile-type

- %in
temperature,t

dependson Al

specimensof
S-816endInconel550alloyswereheatedendcooledthroughvarioustem-
peraturecycleswhiletheywereconstrainedfrm expandingendcontracting ‘“

F
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Sxiauy. Thesetwotioys arebothprecipitation-harden3ng“superslloys”
usedinturbojetengines.Themmum cycletemperaturestow?aichthese
alloyswereheatedrsngedfrm 1150°to 1600°F; theminimnmcycletem-
peraturewas200°F inmostcases,althoughitrangedashighas5CQ0F.
Thetestcyclethatwasgenertiyfollowedconsistedofthefollowing:
(1)heat30 secondsto Tmuj (2)hold15 secondsat Tmu} (3)COO1 30
secondsto !l?mti,(4)hold15 secondsat ~n, endthenY’epeattheCyCk.
Forsometests,thetimeofholdingat T- wasincreasedto 60 sec-
onds.Thenumberof cyclesto fracture,changesinhardness,smdmicro-

g structuralbehaviorwerestudiedas a functionoftheconditionsof
* temperaturecyctig.

PRELIMINARYCONSIDERATIONSANDLITEWNRE SURVEY

BasicConcepts

Thermalstress.- Whena solidisheatedorcoolednonuniformlyjthe
varioussectionstendto expandor contractinclifferentsmounts.The

s ssmeistrueifthetemperatureis chsngedunifomnlythroughouta body
1+ composedof severalmaterialswithdifferentratesofthermalexpsnsion.
$ To enablesuchbodiestoremaincontinuous,systemsofthermalstrains

smdassociatedstressesaresetup internally.Themagnitudeofthe. thermalstressesdependson: Thetemperaturedistributionwithinthe
body,thepropertiesofthematerial,andthedegreeof constraint,

. whichis imposedby thecontinuityofthebaiysndby externalboundsry
conditions.

Thermalshock.- Thermalshockmeanseithersuddenheatingor cool-
ing. Thethermelstressescausedby thermalshockaregenerallygreater
thanthosethatoccurduringslowheatingor coo- fortworeasons:
Thetransienttemperaturedistributionsproducedwithinthebodyduring
suddenheatingor coolingaremoresevere,andalsothethermalstresses
donothavetimetobe relievedby relaxationduringsuddenheatingor
cooling.

Whenthethermalstressat somepointinthebodyexceedsthefrac-
turestrengthofthematerial,thebodywillfractureatthatpoint.
Failurein a singlecycleofheatingor coolingoccurswhenthebody
caunotdeformplasticallytorelievethethermalstress,andthisusually
impliesthermal-shockconditions,a highdegreeof constrtit,and/ora
brittlematerial.
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Thermalfatigue- Thermslfatiguereferstotheprocessby which
failureoccursafter”a repeatednmber of,cyclesofthezmslstressing.
Thisprocessismuchmoreccanplexthanwhena failureoccursonthefirst
cycle.Itincl-escertainelementspresentinnormslmechanicalfatigue
at lowtemperatures,suchas c~licplasticdeformationintensionend
compressionthatultimatelyetiauststheductilityofthematerialand
causesa fatiguecrack.Italsoincludescertainelementsofthenormal
creep-ruptureprocessathightemperatures.Thus,whilethematerislis
atthehightemperattikofthecycle,smnealingmayoccurtorelievethe
strain-hardeningduetoreversedp~tic deformation,orsecondsryphases
,mayprecipitatealongsliplinessndcauseadditionalhardening.The
structuralchengesthatoccurdependonthematerial,thestrain,endthe
temperatureinvolved,endthey maychangethestrengthsndductflity so
muchthatthematerialw~ fracturefromcausesotherthemthermalfa-
tigue.Ontheotherhand,longbeforethematerialcracksorfractures,
itmay-p ordistortto a degreethatexceedsthedimensional
tolerances.

Thermal-StressTests

Materialevaluation.- Laboratorytestsformeasuringtheresistance
ofmateria3stothermalstressesarenotyetstsudsrdizedandoftenpro-
duceresultsthatwe contrsilictorywithonesnotherandwithactual
servicerecords.

.
IIIgeneral,twomethodsoftestingareused:1

Firstspectienssresubjectedtovsryingtemperaturechsnges,and
theminimumtemperaturechangethatwillcausethespectientofailina
singlecycleunderotherwisespecifiedconditionsismeasure&

Next,specimensarerepeatedlysubjectedtothesme temperature
c@e, sndthenaber ofcyclesthatthespecimenssurvivebeforefailing
underthespecifiedconditionsismeasured.

h bothofthesetests,failureisusuallydefinedeitherasvisible
crackingatthesurfaceoras actuslfractureacrossthecrosssection.
Thefirsttypeoftestisusuallyconfinedtobrittlematerials.The
secondtypeismoreccmmmnwithductilemateriels,whichseldomfailin

1Athirdtypeoftest,whichwill.notbe discussed,isonethathas
beenstandardizedby theAmericanSocietyforTestingMaterialsfor
classifyingtheresistanceofrefractorybricksorblockto spalling.
Spallinginvolvesa weightlossdueto flskingofthesurfacelayeror
to chippingofthecornersofthelwick,endtheAS~ testclassifiesthe
bricksonthebasisofthepercentagewei$ht.10ssaftera sPecific
spallingtest.

.

.

.
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a singlecyclebecause
stresses.A variation

v usedinwhichthetest

.

.

of
of
is

theirabilitytodeformandrelievethe
thesetwotest~(acceleratedlifetest]isalso
runfora limitednunberof cyclesata fixed

temperaturechsngeand,ifthespecimendoesnotfail,thetemperature
changeisraisedmd thetestcentinuedinthessmem&ner unt-flfailure
doesoccur.

Literaturereview.- Theresultsof snearly~ studyofthe
resistanceofhigh-temperatureslloystorepeatedthermslshocksre

m describedinanEnglishsurveyinreference13. Wedge-shapedspectiens
%* ofvariousmaterialswereheatedina flsmefor1 minuteandthencooled

h stillairfor3 minutes.Thespecimenswerecycledtotwot~peratures:
oneat 650°to 700°C (1202°to1292°F),theotherat 850°to900°C
(1562°to1652°F). Spechnensfailedeitherby severedistortionofthe
edgeorby theformationof cracks.~ese testsdemonstratedthe
fOllowing:

(1)Excessivedistortion,aswell.as cracking,canlimittheservice-
abilityunderthermal-fs,tigueconditions.

(2)Thenmnberof cyclestofailurefallsoffveryrapidlyasthe
temperaturedifference(ormaximumcycletemperature) isticreased.

(3)Therelativemeritof severalmaterislscsmchangetiththetest
conditions.Therefore,testsforratingmaterielsmustcloselyapproach
theconditionsoftheintendedservice,ortheresultscanbemisleading.

(4)No clesrrelationefistsbetweentheresistancetothermslshock
andsuchmaterialpropertiesastensileor creep-rupturestrengbh.

TestswereconductedattheNK!A(ref.14)tomeasuretheresistance
of sixcasthigh-temperatureaLloys(S-816,S-590~HS-21,422-19,X-40,
andStellite6)to thermalsho& Specimenswerecastintheformof
wedgessndwereheatedto a miformtemperatureof1750°F for1 hour
sndthenquenchedinwateralonga 1/32-inchwideedge.Whenthespeci-
menswerecool,they wereremovedfrcmthequenchbgappsratus,theoxide
filmswerecarefullyremovedfrcmthenarrowedges,sndtheseedgeswere
microscopicaly exsminedforcracks.Failurewasarbitrarilydefinedas
thepresenceofsn openingacresstheentirewidthofthequenchededge.

No correlationwasfoundbetweenthethe&nalproperties(coefficient
oflinesmexpansion,thermsLconductivity,andspecificheat)andthe
resistanceoftheaXloy3to thermalcracking.Sincethethermslproper-
tiesofthesixalloysdidnotvsxyovera tiderange,whereasthenrmber
of cyclesto failurevsriedby a factorofmorethan10,theinvestigation
demonstratedthatmaterialswithsi.milsrthermalpropertiescsnhave
widelydifferentresistancesto thermalcracking.
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Besidescracking,thespectiensalsowarpedsothatthe quenched
edgesbowed.Thesmountofbowingincreasedwiththenunlerofcycles; $
therateofbowingdecreasedasthenumberofcyclesincreased.Although
theratesofbowingweredifferentforthetiloys,thegreaterthenmnber
of cyclesto failure,thegreaterwastheamountofbowingatfailure.

Testssimilsrto theNACAtestinwhichwedge-ortriangular-shaped
specimenswereheatedsnd/orcooledalongoneedgehave%eenusedbymany
otherinvestigators.Onemsnulacturer,forexample,hasconducteda
thermsl-shocktestwhichinvolvedrepeatedcyclesofheatingtheedgeof g
a trianguhm-shapedssmpleina flsmeto a maximatemperatureof1800°F
andsuddencoolingofthisedgeto 800°F ina blastofcompressedair
(ref.15). Failureoccurredwhena crackhadprogressedcompletelyacross
thel/32-inchedgeofthespecimen.

ThedataobtainedinthisstudyshowedthatcastHS-21andX-40were
superiorto castS-816,whereastheywerebothinferiorto castS-816in
thetestscitedinreference14. Thisdiscrepancymayhavebeendueto
differencesinthelotsofmaterialor inthetestconditions.

Thesignificance
shocktestasrelated
theccmimercialstudy,
resistancewithother

ofthedifferencesbetweenthealJoysinthethermal-
to actualservicebehaviorwasnotdeterminedin
norwereattemptsto correlatethermalshock
ccmmonpropertiessuccessful. .

L.F. Coffin,Jr.(refs.16to 19)haspresenteda mostinteresting
anddetailedstudyofthethermalfatigueofthintubularspecimensof .
type347stainlesssteel.Thesespechnenswereconstrainedlongitudinally
by beinggrippedina rigthatclampedonto flangesattheirends. In
mostcases,thespectiensweretiitiallystress-freesndcbmpedatthe
uppertemperaturelimit.(Coffinfoundnodifferenceinthethermal-
fatigueliferegardlessofwhetherthespecimenswereclampedattheupper
orthelowertemperature.)Theeffectofthetemperaturedifferenceof
cyclingwasstudiedby varyingAT from200°to 500°C whileholdlngthe
mesntemperatureconstantat350°C;thatis,TdT~n variedfrom
450°/2500C to 600°/1000C (842°/4820F to 1112°/2120F, respectively).
Theaversgetemperaturewasheldconstantinanefforttomintiizethe
effectoftemperatureonthematerialsndtomeasureonlytheeffectof
varyingwnountsofthermalstrainassociatedwiththevariousAT values.
Thefrequencyofcyclingwas4cyclesperminute,whichisunusuallyfast
forthermal-fatiguetests,andfailurewasdefinedasa“completeornearly
completefractureofthespecimen.Undertheseconditions,thethermal-
fatiguelifeof annealedspecimensdroppedfranabout40,000to 1800
cyclesasthe AT wasincreasedfrom200°to 500°C.

Theeffectof cold-workingwasstudiedbyprestrainingspecimensin
tensionortorsion.At highvaluesof AT,priorcoldworkreducedthe
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life;forexsmple,ata AT of. reduceditslifeto 650cycles,
annealedmaterial..As the AT

7

400°C, a 360°twistinthespecimen
as comparedwith3800cyclesfor,the
wasreduced,thedsmagingeffectw-

less,andin severalcasesthecold-workedmaterialb=c~e betterthsm
theannealedmaterialatlow M values;thus,thecurvefora 360°pre-
ttistcrossedthatforamesledmaterialata AT of about300°C?.
Coffinfoundthatthektidorpriorcoldworkwasnotimportsntinthermsl
cycling.Spectienscold-workedby torsionorby tensionwithstoodthe
ssmenumberof cyclesofthermalstressing,solongasbothwereworked
tothessmeamountof effectivestrain.

CofftisllsostudiedtheeffectofmeantemperatureonthermsLfatigue
by testingspecimensatmeantemperaturesof 250°,350°,and450°C while
mainttiingthe AT at about300°C!.Becauseoftheslightchangein
theexpansioncoefficienttithtemperature,thefreethermalexpansion
fora AT of300°C wasgreaterata meantemperatureof 450°C thu at
thelowermesmtemperatures,andthe ~ valueswerethereforeadjusted
slightlytomaintainconstantstrainamplitudes.An increaseinmean
temperatureundertheseconditiasdecreasedthethermal-fatigueMe
fromabout15,000cyclesat amesm temperatureof 250°C to 8000cycles
at450°C.

b =otherseriesoftestscycledbetween200°end500°C,thettie
thatthespecimenswereat500°C wasvsried.Whiletherewasconsider-
ablescatterintheseresults,increasingtheholdthe fr= 6 to 180
secondsappearedtodecreasethenmber of cyclesto failurefrcmabout

. 10,000to 7000witha possibleminimnmfora holdtimeof 60seconds.
Coffinfeltthat,froma practicalpointofview,thedecreaseinthe
numberof cyclestofailurewithincreasedholdttieswassmalland
pointedoutthatthelifewasactuallyincreasedifthetotalelapsed
the ofthetestswasusedratherthsnthenumberof cycles.

Effortsto correlateandexpldmexperimentalresultsfromthermal-
fatiguetestshaveemphasizedthesimilaritytoordinarymechanicalfa-
tigueandtheroleof strain-hardening.Thebasicpostulateofthese
effortsseemstobe thatfailureoccurswhentheductilityofthematerisl
hasbeenexhaustedsothatit isno longerableto absorbthereversed
deformation.

As a firstesthate,thesw oftheabsolutevsJuesofthetensile
ad compressivestrainsduringeachcyclemultipliedby thenumberof
cyclesto failuremightbe thoughtto equslthesmountof strti at
failuremeasuredina simpletensileor compressiontest. Expertientslly
thisisnottruesnd,infact,eventhesumationof onlythetensile
componentsofplasticflow
oftheinitialmaterialIn

m incrementsofplasticflow

.

d~ing cyclingisgreaterthantheductility
theconventionaltensiletest. Repeated
thusappearto improvethesubsequentbehavior.
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alsoshowthatthesummationof
flowduringcyclingvarieswith
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.
thecomponentsoftensileand
thetestconditions,andthat

thenunberofcyclestofailure,thegreateristhissumna- R.
tion.S. S.Msnson(ref.20)proposedthefollow& relationin1952
to expressthis

‘f= KEp-n

where
Nf= numberofcyclestofailure

‘P= pla9ticstrainpercycle

K and n= constsnts

(1)

Manson<ref.20)appliedthisrelationtomechanical-fatiguedataon
24STaluminumatroantemperature(ref.21)sndestimatedthatthevalue
oftheexponentinequation(1)shouldbe about3. Lateranalysisofthe
seinedatashowedthattheexponentwasmorenearly2 (ref.19). The
importentpointdemonstratedbytheseenslyseswasthatthenumberof
cyclesto failureappesxedtobeara simplerelationtotheemountof
strainpercycleinmech~icslfatQue. Msmon (ref.20)furthersug-
gestedthatthisrelationmightprovevaluableinthermalfatigue,andit
wasusedto illustratethedrasticreductioninthenmnber.ofcyclesto
failurethatmightbe e~ected.fromincreasingthe AT ofcycling.For
exsmple,considera bsrwithfixedendsthatismadeof anideallyplastic
materialwiththefollowingproperties,independentoftemperature:

Coefficientofthermalexpansion,a, in./in./OF. . . . . . . . 10x10-6
Modulusofelasticity,E,psi. . . . . . . . . . . . . . . . . . 30x106
Yieldstrengthh tensionandcompression,a*,psi . . . . . . . 90,000

Sucha materialwoulddeformplasticallywhenthestratiexceeded0.003
inchperinch.Itwouldundergoreversedpl.asticdeformationoncycling
when @ ~ 2(0.003);thismakesAT ~ 600°F. Theplasticstrainper
halfcycle ~ wouldthenbe givenas

‘P
= 10x10-6AT - 0.006 (2)

.

●

Thenmnberofcyclestofailure,relativeto 1000cyclesata AT of
800°F,wouldthenbe asfollows:
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AT, q)
‘%? in./in.

I600 0.000
800 ●002
1000 .004
1200 .006
1400 .008
1600 .010
1800 ● 012

%
Nf= KCP-2

(Relativeto N= 1000
at AT= 800°F)

o
MO-9 1;0
M?CLO+J 250
36XL0-9
*O-9 62
looflo-g 40
144mo-9 28

Thus,thesnslysispredictsthatthenmber of cyclesto failureshould
dropoffrapidlyasthetemperaturechangeisincreased,aswasobserved
expertientallyinthetestsquotedinreference13.

Gaingfroman ideallyplasticmaterialto a realmaterialintroduces
a numberof chsngesinthebehaviorfromthisidealmodel.Forexample,
thefollowingmustbe considered:

g
(1)Strain-hardentig,by whichpriordeformationincreasestheyield
strengthsndreducesthesmountofreversedplasticflow

(2)TheBauschingereffect,by whichplasticflowinonedirection* reducesthestressatwhichplasticflowoccurstitheopposite
direction

(3)Thetemperaturedependenceofthemechanicalproperties

(4)Thetemperaturedependenceofthethermslproperties

(5)Thetimedependenceofthemechsnicd.pr~perties,m theeffect
of strainrateon the@eld petit

(6)The effectssuchas creepandstress-relaxation,whichbecome
especiallyimportantathightemperatures

Microstructuralchsngesthatalterpropertiesmayalsooccurduring
cycling,
thelist

(7)

(8)

(9)

particularlyifthetemperaturesarehigh. Thesewillincrease
offactorstobe consideredasfollo’ws:

Recovery,recrystallization,andgraingrowth

Matrixtransformations

Aging,precipitation-hardening,overaging,sndspheroidization

(10)Anisotropiceffects

(U) Corrosion

—— —
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(12)Formationof cracks,
actas stress-raisers
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whichcanreducetheload-bearingareaor

Finally,thepracticslcasemayaddthefollowingchangesto the
simplebarmodeldescribed:

(13)Nonuniformityy oftemperatureoverthecrosssectionandlength
ofthespecimen

(14)Nonuniformityofcross-sectionslsmeaoverthelengthofthe
specimen

(15)Stressconcentrations

(16)~completeconstraintdueto yieldingofthesupports

(17)Sizeeffects

Despitetheselimitations,Coffin(refs.16to 18)hsdconsiderable
successinappl@ngequation(1)tohisexperimentalresultsontherm~-
fatiguefailures.Thus,Coffincorrelatedhisresultsonthethermal
cyclingofannealed-type347stainlesssteelata constantmesntemperature
of350°C by therelation

or,itsequivalent

Whenthespecimens
(i.e.,thessmeas
therelationwas

or

Theqxantity

1/2
‘f ‘P= 0“36 (3) “

form “

Nf = 0.1296ep-2 (4)

werestraincycledata constanttemperatureof350°C
themesmtemperatureofthethermalcyclingtests),

Nf0.43Ep= 0.28 (5)

Nf = 0.05177~-2=326 (6)

en intheserelationsistheplastic-strainchange

or softening,
thenmber of
relation

percycle.Sinceth~schangesduringcyclingbecauseof strain-herdentng
Coffimuseda calculatedplastic-strainchangeatone-half
cycles forfailure.Thecalculationwasbasedonthe

whichstates:

%hermel+ ‘elastic+ ‘inelastic= Enet= o (7)

(1)thenetstrainofthetuhulmspecimenswaszero,

4

.. .
sincetheendswereheldfixed(orverynearlyso)ina grippingdevice,
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and(2)thefreethermalexpsnsionorcontractionwasoffsetby sn equsl.
andoppositeflowmadeupby anelasticanda plasticcomponent.The
q~tfty %hermal.couldbe determinedeitherby measuringthefree
expsnsionor contractionthatoccurredwhenthespecfmenwasunclampedor
by calculatingitasequalto @I’ where a istheaversgecoefficient
ofthermelexpsnsion.Actually,as(!offinpointsout,thequsntitya&C
wasnotexactlyequsltothethermalstrainbecauseoflongit~al heat
transfer,whichcaus-theendsofthespectienstobe colderWan the
middles.

a Theelasticstrain~e~stfc waadeterminedframthestresschange
percycleat one-halfthenunberofcyclesto failuresadfromthemodulus
ofelaEticity. Theconstrainedexpsmsionandcontractionofthespecimens
causeda veryslightstrsdnh themassivebsrsthatconnectedtheend
platesholdingthespec~ens.Thestraininthebarswasmeasuredby
SR-4straingsgescementedto themsndwasconvertedto stressbymulti-
plyingby themodulusofelasticityofthebsrmaterial.Multiplying

3 thisstressby theratioof thesreasofthebsrsmd spectiengavethe
8 stressinthespecimen.Thestressinthespectienwasthendividedby
a itS InodLil.UsOf elasticityto give ~elastic.Themodulusofelasticity
y would,of course,havetobe an averagemodulusforthetemperatures
g involved,andthestrainwouldbe anaveragestrainoverthelengthof

thespecimen.Thevsluesof ‘thermal‘d ~e~stic weretheninserted
—

. intoequation(9)to give ~lastic”Whiletheprocedureinvolvessane
simplifylngassum@ions,thefinal.correlationsbetweenNr and ep
appearremarkablygood.

Thesuccessofequation(1),aswellasotherexperimentalobserva-
tions,ledCoffh tobelievethatthestrainchsngeisthedcmdmntfactor
controllingthermalfatigueandthattemperatureeffectsarenotso
importsnt.He pointedout,however,thatdifferencesmaybe encountered
undertemperatureconditionswherephasechsnges,markedstrain-aging,or
anisotropiceffectsoccur.Coffh addedthat“Exceptforthepossibilityy
of sanetransformationofg-a-iron to alpha-irbnwithextremecoldwork
noneoftheaboveeffectscsnoccurfortype-347stainlesssteel.It
appearsthenthattemperaturecyclinghasonlya secondaryeffectonthe
fundamentalaspectsoftheproblem(ref.17).” As addedproof,Coffin
potitsoutthatthereisno changeinthestress-strainbehaviorofa
annesled-type347stsdnlesssteelifitisthermsllycycledtithoutcon-
straintfor10,000cyclesbetween200°end500°C (i.e.,if itis exposed
to thetemperatureconditionswithoutstraining).‘However,structural
changesareinfluencedby bothtemperatureandstrain;changesthatdo
notoccurundertemperatureor strainalonemayoccurwhenbothsrepre-
sent.Also,thedropinlifewiththetemperatureleveloftestingat
constsntstratismplitude(seep. 7)challengesthehypothesisthattem-
peratureeffectsarenotimportsnt.
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Insmmsry,althoughplasticdeformationendstrain-hardeningappesr
tobewellestablishedastiportantfactorsinthermslfatigue,theim-
portanceofthetemperaturelevelof cyclingremainsumdefined.b view
ofthetremendouseffectthattemperaturehasonthepropertiesofmate-
rials,it isreasonableto expectthatitsroleinthermalfatigueis
important.ihaddition,timebecomesa factorinthebehaviorofmetals
athightemperature,sndthefrequencyof cyclingwouldtherefore%e
expectedto affectthenumberof cyclestofailure.Ifthesefactors
areimportant,thecorrelationsofthenumberofcyclestofailurewith
thesmountofplasticdeformationpercyulemayneedtobemodifiedby
includingtheeffectsofbothtemperatureW +dmeinordertohavegen-
eralapplicability.fiformationontheseeffectsshouldalsoaidin
understan&Lngthemechanismofthermalfatigue.

.

.

EQUIR&lH?TANDPROCEDURE

Equi~ent

Theequipnentsndproceduremidmizedthethermalstressesin other
thantheaxialdirectionofthespectiens.Figwre1 showsthespectien
design.Thecentersectionwasheatedandcooledthroughthedesired
temperaturecyclebypassinghigh-smperage- low-voltagecurrentthrough
itbymesnsofwater-cooled,copperleadsthatattachedtothesdjacent
shoulders.Thespecimenswereconstrainedfromexpandingsmdcontracting “
axiallyby grippingthemtightlyabouttheshouldersat oppositeends.
Theadventageswhichthistypeof specimenandprocedurehaveoverearlier .
thermal-fatiguetestsarethatthethermalstressesandstrainsareuni-
axialandcanbemeasuredendthata specimencanbe removedfrcmthe
grippingblockpriortofailuresnd,subsequently,threadedontheoppo-
siteshouldersandtestedinstress-rupture(ref.12).

Theblockforgrippingthespecimensisshowninfigure2. Thiswas
a 7-inchsquareby 3-inchthicksteelblock%th a 2.50-inch-dismeter-
holedrilledoutthroughthecenterofthefacessnda 0.50-inch-diameter
holerunningfromtoptobottom.Theblockwassplitintotwohalves
thatwerefastenedtogetheron-thespecimens_byfourbolts.Tightening
theboltscausedtheblocktogripthespectientightlyontheend
shoulders.Theblockwasmassiveenoughsndthefrictions3gripping
forcewasfirmenoughsothattherewasnomeasurablemovementofthe
endshouldersofthespecimensduringconstrainedthermalcycling.The
spectiensndblockwereelectricallyinsulatedfromeachotherby 0.002-
to 0.004-inchpaper.

A singlechromel-alumelthermocouplewasspotweldedto thecenterof
thetestsectiontomeasuretemperatures)~d thetemperatureswerere-
cordedcontinuouslyona ROWO.recordingpotentiometer.Smsll-dismeter J
thermocouplewireswereusedtominimizeheatconductionfrcmthe

.
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1 specimen.Testsindicatedthatspot-weMingthethermocouplesonthe
spectiensdidnotinterferewiththeresults.Figure3 showsthethermo-
cou@ewiresspottedona specimenthathsiibeenremovedfrm thermal
cyclingbeforefailure.Notethatthemsnnerofattachingthethermo-
co~lehadno apparenteffectonthematerialotherthsncausinga very
mall mnountofrecrystallizationinnnediatelybelowthecouple.

Thetestsectionofa specimenwasraisedtothedesiredtemperature
by electricresistanceheating.Duringcooling,thepowerinputwasre-
ducedmdheat wasremovedfromthetestsectionbyconductionthrough
theshoulderstothewater-cooled,copperleadsandbytrsnsferto still
air. BoththecopperIesdssndthegrippingblockwereincltiedinthe
water-coolingcircuit.BecausetheshouldersofthespecimenswereY.uain-
tainedatrelativelylowtemperatures,thetemperaturewasnotuniform
alongthelengthofthetestsections,as showntithetemperaturepro-
filesinfigure4. BothS-816endticonel550showedthessmetemperature
profiles,asdeterminedfromthermocouplesspotweldedatvariouspoimts
alongthelengthsofthetestsectionsof severalspecimens.Thecycle
temperaturesreportedinthisstudysrethoseatthecenterofthetest
section.

Suitableelectriccontrolswereprovidedsothatthespecimenscould
be heatedendcooledautomaticallybetweenthedesiredtemperatwessad
b thedesiredthnes.

Theexpsnsionandcontractionofthetestsectioncausedtheshoulders
. adjacentto ittodeflectslightly.Thesmountofthismovementwas

measured%y a mechanicalstraingagewithlmifeedgesthatrodeonthe
shoulders,asshowninfigure2. A mirrormountedattheotherendof
thestraingagereflectedthereadingsfrcma graduatedscslefitoa
telescopeplacednextto thescalesndseveralfeetfrcmthespechnen.
As theshouldersofthetestsectionmoved,themirrorrotated,andthe
smountofmovementwasmeasuredby thechangeinthescalereadingsre-
ceivedatthetelescope.Theleversmnssndscsle-to-mirrordistance
weresuchthatthemovementoftheshoulderwasmagnified@out 200tties.
Themovementoftheshoulderscorrespondedto thechangeinthetotal
lengthofthetestsection,andthischangewasnotuniformbecauseof
thetemperaturegradientalongtheaxisofthetestsectim.

Forsomeofthecalculations,itwasnecesssrytoknowthesmountof
freeexpsnsionsndcontractionintheshoulderssdjacenttothetestsec-
tionasthespecimenwasthermallycycled.Thiswasdeterminedlyus~
a dislgageatthelooseendofthespecimentomeasurethetotal.move-
mentofthespecimen*en itwasthermslllycycledwithoutconstraint.
Subtractingthemovementh thetestsection(asmeasuredby thestrain

%
gage]fromthistotalmovementgavethefreeexpansionor contractionof
theshoulders.Sincethetemperatureofthelargeshouldersattheoppo-
siteendsofthesp=cimenswasunchangedduringthermalcycling, this

. shouldermovementwasconfinedtothetwoshouldersimmediatelysdjacent
tothetestsection.
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Figure5 consistsofphotographsoftheactualequipment. 9

Materials

Twomaterialswerestudied,namely,S-816sndticonel550alloys.
Thesearebothhigh-temperaturesuperalloythat=e usedmainlyattem-
peraturesontheorderof1350°to1500°F. Ofthetwoslloys,S-816is
weakeratthesetemperaturesbuthasmoreductilitythanlhconel550.
S-816isa cobslt-basealloy,whileInconel550isnickelbase;their
nominalcmnpositionsem asfo310ws:

Percentby weight
—

Alloy c Cr Ni co Mo w Nb Ti Al Fe

S-816 0.4 20.020.0Bal.4.04.04.0--------5.0Max.
Ihconel5500.0415.0Bal.----------1.02.501.156.70

Thealloyswereobtainedfrcmthemsnuf&xux+ras5/8-inch-diameter
wroughtbarstock.Thiswascutinto~-inchlengthswhichwerethen
heat-treatedasfollows:

(11S-816:Solutiontreated1 hourat2150°F ad waterquenched;
aged16hoursat1400°F sndaircooled.

(2)Tnconel550: Solutiontreated1 hourat 2150°F andaircooled;
aged4 hoursat1600°F smdaircooled;sged4
hoursat1350°F sndaircooled.

Themicrostructureofthetwoalloysafterheattreatmentareshown
infigures6(a)end(b). Bothalloyshaveanaustenitic(face-centered
cubic)matrixstructureinwhichprecipitateshaveformed- carbidesin
S-816andsnNi3(Ti,Al)intermetsllicccmpoundin Inconel550.

Thealloysintheheat-treatedconditionhada Vickershardness
rnznber(VHN)of 269forS-816end327forIhconel550. Thespecimens
weremachinedfromtheheat-treatedlengthsofbacstock.

Procedure

Thecyclethroughwhichthespectienswereheatedendcooledwas
dividedinto4 psrts:(1)heatingto T&, (2)holdingat ~m, (3)

iiCD
—

.

,

coolingto Tminjad (4)holdtigat Tmin.
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h startinga run,a spectienwasheldinthe
thelowertwoboltstightened.Theuppertwo
thespectiencouldexqy3ndsndcontractfreely

I-5

grip@ng blockwith
boltswerelooseso
whiletheinitial

adjustmentswerebeingmsde. Afterthepowerinputsduringthevarious
portionsofthecycle-hadbeenadjustedto givethedesiredtemperatures,
thefreeexpansionsndcontractionofthetestsectionwasmeasuredby
notingthechsngein scaleresdingswhenthetem~raturechangedfrom
~= to ~. ThefreecontractionsofS-S16andInconel550specimens
thatwerecooledfromvarious~ to a ~n of200°F sreplotted

mco infigure7(a).Not=thatthetwosdloyscontra@edby nearlyequsl
%’ mnountsunderthetestccmditions;thefreeexpsnsionor contractionof

Inconel550wasabout2 percentmorethanthatofS-816.

Figure7(b)showsthefreecontractionoftheshouldersadjscentto
thetestsectionduringcoolingfrcmvsriousMU to a ~ of200°F.

UsusJlyabout10 cycleswererequiredtomaketheadjustmentssnd
initialreadings,sndtheupperboltswerethentightened.W alltests
inthisinvestigation,the~er boltsweretightenedtii.lethespecimen
wasat ~u. Thisinducedthemsximwnpossibletensilestressinthe
specimenoncoolingto ~~ Ihmostofthetests ~ti waaconstsnt
at200°F sothatthemaximmtensilestiesswouldbe developedat the
ssmetemperature,regsrdlessof ~m.

Thetotal.amountoftensiledeformationslongthelengthofthe
. testsectionwasmeasuredby theclifferencebetweenthecbnge in stale

resdingswhenthespectienwascooledwhilelooseandwhileconstrained.
Theaveragestrainisplottedagainsttemperatureinfigure8(a).De-
tailsofthecalculationsaregiveninappendixA.

Thetensilestressdevelopedat ~ti onthefirstcoolingvaried
with Tm= as showninfigure8(b). Ideally,onewouldexpectthatthe
greaterthetemperaturedifferenceof cool= (or,inthiscase,the
higherthe ~a sincewin ~ c~st=t), thegreaterwouldbe the
tensilestressat T*, whereasfigure8(b)indicatesa decreaseb
stressatthehigherAT values(or ~). Thebehaviorshowninfig-
ure8(b)isduetothetemperatureconditionsofthetestmethodsndto
thevsriationoftheyieldstrengthofthetwoalloyswithteqerature.

Theeffectofthetemperatureconditionsfollowsfromthemsmnerin
whichthetemperaturegradientschsngedduringcooling,as shownsche-
maticallyinfigure9. ZQfigure9(a),thespectienstartscoolingfrom
a%x ‘~-
thereafter;in

\ equalto T2.

●

to Tl sndreachesa ber temperatureT2 shortly
figure9(b),thespecimenstsrtscool- frcana ~
Becauseofthewater-cooledlesdsattachedto theshoulders
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ofthespectien,heatisextractedthroughtheendsofthetestsection,
andtheendscoolmorerapidlythsmthecenterofthetestsection.This “
meansthat,whenthemidpointofthefirstspectienhascooledfrom T1
to T2,theotherpartsofitstestsectionhavecooledto lowertempera-
turesthsnin thesecondspecimenwhenthemidpointhasjuststsrted
coolingfrom T2. Thetensilestressessetupby thecontractionofthe
coolersectionsinthefirstspectiencanbe relievedby yieldingnesr
themidpoint,providedthatthisportionisstillata sufficientlyhigh
temperaturefortheyieldstrengthtobe low. Duringcoolingfrom T!2 “$
to Tmin,thereislesstotalcontractioninthefirstspectienthanin u.u
thesecond,sndhence,thefinalstressat kin canbe lessinthefirst
specimenthaninthesecond,dependinguponthesmountofyieldinginthe
hotportionofthetestsection.This,inturn,dependsonthetempera-
turead thematerial.ThetensilestressdevelopedinInconel550on
coolingfrcma givenTmu wasalwaysgreaterthanthatdevelopedin
S-816,duetothegreateryieldstrengthof lhconel550.

Duringthefirstfewcycles,materialchsngesoccurredthataltered
theelectricalresistance,sothatthepowerinputshadtobe adjusted
topreventthetemperaturesfromwsndering$rantheirpropervalues.The
specimenssoonapproachedanequilibriumcondition,however,andthere
waslittledriftintaperaturesthereafter.Strain-gageresdingswere
takenat intervalsduringthermslcycling,ad theaveragestrainover
thetestsectionsvariedslightlyduringcycling.Thecalculatedstress ~
changesandaveragestrains,absorbedby thetestsectionsafterone-half
ofthenumberof cyclesrequiredforfailurewererun,areshowninfig-
ure10 againstthemaxinnzncycletemperature.Jnfigure10(a)it is “
notedthatthetwoalloysdeformedalmostequallyup to about1350°to
1400°F,whereasS-816deformedmorethanIhconel550athighertempera-
tures.At thehigher~a, a significantportionofthisdeformation
wasc~pressivecreep.Thiscreepcouldbe notedby thedropin scale
readingsasthetemperatureapproachedorwhsheldat Tm_ smdit
occurredatlowertemperaturesforS-816thanfor~conel550. The
stresschangeplottedinfigure10(b)isthedifferencebetweentheten-
silestressat Tmin sndthecompressivestressat Tin=. Here,as in
figure8(b)wherethetensilestressdevelopedduringthefirstcycleof
cooling,thereis a dropathighvaluesof .Tma.

lha numberof teststhermalcyclingwascontinueduntilthespecf-
mensfailed.Failurewasdefinedasactualfractureacrossthetestsec-
tion,andgenerallyoccurredat/orverynearthecenterofthetest
section.Immediatelybeforefailure,therewasa periodinwhich Tm
increasedbecauseof overheatingasa resultofthereductionofcwent-
carryingareathataccompaniedcracking.Thisoverheatingperiodlasted
forfiveto tencyclesathigh ha andincreasedindurationasthe
~u wasloweredsothatitwasontheorderofseveralpercentofthe
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totalnumberof cyclesto failure.No furtherheatingcouldoccurtiter
fdlure,sndthenmber of cyclestofailurewaseasilydeterminedfrcm
thechartsoftemperaturesgtisttime.

Thedismetersofthespectiensweremeasuredwithmicrometersboth
beforeandtiterremoval.fromthermalcycling.Mostofthespecimens
werebulgedatthecenterofthetestsectionbecauseof compressive
yieldingandcreepat Tmm. Thesmountofbulgingincreasedas Tmu
increased,as showninfigure11,andwasoffsetby a slightthinningto
eithersideofthebulge.

Microstructuresndharnesseswereelsostudied.Spectiensfor
thesemetsllographicstudieswerepreparedby csrefUy machiningflat
surfacesthroughthecentralplsnes.H-ess wasmeasuredwitha micro-
hsrdnesstester,us- a Vickersdimmndpenetratorenda l-kilogrsm
load,andthemeasurementsweremadeO.01 inchbelowthefractureedge.

RESUIESANDDISCUSSION

Theresultsfromspectiensthatwerecycledtofailureundervsrying
conditionsofthermslfatigueindicatedthefol.lowingeffectsofthecycle
vsriablesonthenumberofcyclestofailure.

EffectofMaximwCycle!lWqx?raturesndTemperature

DifferenceofCycling

Fortheconditionsoftesting,Nf wasgovernedmorestronglyby
~w thanby AT. Thisis showninfigure12. Thesolidcurvesat a
constsntM! oflJ_50°F infigure12 showthev~iationin Nf with
~u, andthedashedcurvesata constant~ of200°F showthevari-
ationin Nf underthecombinedeffectsof ~a snd M!. = AU were
thesolefactorcontrollingNf,thesolidcurveswouldbe stratght,
verticsllinesintersectingthedashedcurvesata cmmnonpoint
(~= 1350°F, ~ti = 2m0 F,M! = 1150°F)2;b otherWOrdS,Nf wotid

.

%his ccmmonpointofintersectioncanbe observedintheresults
forhconel550plottedinfigureI-2(a).b thecaseofS-816,however,
thespechnensforthetwocurvesweret~en frcmdifferentbsrsofmate-
rial.,sndtheonebarwasstrongerthantheother.Hence,thetwocurves
forS-816infigureli?(b)areoffsetfromonesnother.However,despite
thisoffset,thetwocurvesforS-816showthessmerelativebehaviorof
decreasingNf withincreasing~a astiecurvesforticonel550.
b allsubsequenttestswherecomparisonsweremsde,csxewastakento
elbinatebar-to-barvariationsinmaterialby usingspecimensfromthe
sanebsrorfrombarsthatwereshowntobe equivalent.
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be constsntaslongas N wasconstsnt.Theactu~curvesatconst~t
AT arenotvertical,andthesmountby whichtheactualcurvesdeviate
framtheverticalindicatestheeffectofdifferentNW. Forboth
slloys,thedecreasein Nf dueto increasing~u ata constantN
wassJmostas severeasthedecreasein Nf dueto incre-~ both
~u snd N stiultaneously.

.

.

Additionaltestsonlaconel550confinedthestrongeffectof Tmu
on Nf. Resultsofthesetestsareplottedinthesolidcurveinfigure
13,whichshowsthevariationin Nf with ~ ata c~st~t ~a of %

%
1550°F. Thedashedcurveoffigure13thatisplottedforcomparison
showsthevariationin Nf with lSI!at a constsnt~ti of200°F.
(Thedashedcurveisthesaneasthatinfig.12(a);ithasbeenreplotted
infigure13 sgainsttheordinatem ratierthan ~=. Notethatthe
pointof intersectionofthetwocurvesinfig.13 isa commonpoint,
!max= 1550°F,Tmti= 200°F,m = u50° F.) If ~= werec~pletely
controlling,thesolidcurveinfigure13wouldbe a straight,vertical
line.Actually,itisnotvertical,andthisshowsthat LYIalsohas
aneffecton + However,asthetwocurvesindicate)~cre-ing or
decreasingAT end ~a simultaneously(dashedcurve)hadmuchmore
effecton Nf thanincreasingordecreasingN! without&su@%? Tma
(solidcurve).

Theresultscanbepresentedinotherwaysthatindicatenumerically
therelativetiportsmceof ~a and Al?fora limitedrangeof condi-
tions.Forexsmple,asindicatedinthefollowingdiagran,Wconel550
enduredabout860cyclesbeforefailingwhencycledbetween1550°snd
400°F. If AT wasreduced200°F by raisingTmin to 600°F while
maintaining~ at1550°F, thelifewasincreasedto1700cycles;
thatis,reduc~ AU by 200°F forconstantTma approximatelydoubled
Nf. Ontheotherhemd,if ~= wasreduced200°to 1350°F while
maintainingAI!at1150°F, thelifewasincreasedto 10,500cycles.
!?hus,undertheseconditions,theincreasein Nf duetoreducing~a
by 200°F wasmorethenD timestheincreaseobtainedbyreduchg AT
by thessmesmount.

1550°/4000F

ReduceAL!by
atconstsnt

Nf= 860cycles

/
200°F

\

Reduce~a
Tmax atconstsnt

(150°/6000F
Nf= 1700cycles

1700
-860

Improvement=- cycles

by200°F
AT

‘%13500/20°F
Nf= 10,500cycles

10,500
-860

Improvement= 9,640cycles

.

.



NAC?ATN 4160 19.

.

.

.

t

.

Thenumericalvaluecalculatedfromthisdisgrsmfortherelative
importanceof & end N! iscorrectonlyfora particularsetof
conditiOILS. Otherconditionscanincreaseordecreasethisrelative
importance.Theconcentrationofdeformationinthecenterofthetest
section,dueto themannerofheating=d COOl~~ ~ ~c~sed e~~erj
hasprobablyemphasizedtheeffectof Tm= h theeqer~nt~ res~ts=
Underlesssevereconditions,AT couldbemoreimportantthauhasbeen
foundhere. Obviously,no fracturewouldoccurunlesstherewasa N,
regardlessofhownesr ~ mightapproachthemeltingpointofthe
material,sincewithouta & therewouldbe no strednchenge.

Thepointemphasizedby theresultsisthat ‘I!muisenimportmt
factorinthermalfatigue,andthelifeinthermslfatigueisnotdeter-
minedby AT slone.Theeffectof Tma s~erimposedonthatof lQ!
csnovershadowtheeffectof AT clone.Inviewof itsimport=ceon
life,theeffectof ~a canhardlybe overemphasizedinansnslysisof
thermalfatigue.

ALthoughincreasingT- reducedthethermal-fatiguelife,tie
reduction- notalwaysasgreatas onemightexpectby simplyextrapo-
latingtheresultsatlower T-. Thus,astheresultsforS-816plotted
infigure12(b)indicate,thedecreaseinlifewithincreasingT- for
a c~st~t Tm~ of200°F wasapproxima~lylinearon a semilogplotat
IOW v~ues of ~a, sndthecwve thens~g UPW~dSat Tmax aboTe
about1450°F. ThisupwardswingwasnotobtainedinthedataforTnconel
550overthessmetemperaturersnge.As a result,thecurvesforthetwo
elloyscrossedoneenotherh themsnnershowninfigure14. As figure
14 shows,Ihconel550hada betterthermal-fatigueLifethsnS-816at
Tma below1525°F,whereasS-816enduredmorecyclesto failureat
higherTm.

Thisvariationofthethermel-fatiguelifewith Tma appesrsre-
latedto theeffectof ~ onthehardnessbehaviorofthetwoalloys.
Figure15 isa plotofthechsngeh h-ess ofthespectienscycled
betweendifferentT- md a c~st~t T* of200°F= Theh~~ess
chsngeistheincreaseinhardnessmeesuxedonthefracturedspecimens
as comparedwiththeirinitial.hardnessbeforethermslfatigue(i.e.,the
hardnessintheas-heat-treatedcondition).Thefinalhardnessreadings
weretslsenjustbelowthefractureedges.As figure15 shows,S-816
underwentconsiderablehardeningduringexposureto thermal-fatiguecondi-
tions,eitherasa resultof strsin-hardenm,or additionalprecipitation-
hardening,orboth. Themaximumhardeningoccurredat a T- of14500
F, andathigher~a therewasa softeningrelativeto thismaximum
~conel5s0,ontheotherh=, WaS~iti~y harderth~ S-816~ ~d
notchengehardnessduringcycMng;atmost,therewasa slightsoftening
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at Tm= above1500°F. Canpsrisonoftheeffectsof ~m onthelife
(fig.14)endthehsrdening(fig.15)showsthattheupwsrdswinginthe “__
lifeofS-816occursatthetemperatureofmsximumhardening,whereasno
upwsrdswingoccursinthelifecurveof Ihconel550. Itappears,then,
thatsofteningathightemperaturesrestoredtheductilityofS-816so
thatitcouldabsorbmorecyclesofthermslfatiguethanitcouldhave

—

otherwise.Thus,theprotectionduetorelativesofteninggaveS-816a
longerlifethsnInconel550athigh T-, whereasatlow T- ticonel
550enduredmorecyclesto failure.

.

8
PhotomicrographsofS-816specimensthathadfailedintherm&l- 8

fatiguetestssreshowninfigures16(a),(b),and(c). Notethatthe
fracturein allcaseswastrsnscrystslline.Allspecimensshowedaddi-
tionalprecipitationduringthermalfatigue.Forthespecimenc~ledat
a TmU of1450°F (fig.16(b)),theadditionalprecipitationiswell
definedsndisseento occurprincipallyalongslipplanes.Additional
precipitationwassanewhatlessata Tmu of1200°F,butWM still
evidentalongsomeslipplanes(fig.16(a)).At a ~u of1600°F, the
slipplaneszxreagainmarkedby additionalprecipitation,butinsteadof
beingstraight,theslipplanesarecurvedanddistorted(fig.16(c)).
Inaddition,manyoftheparticlesofprecipitatehavespheroidizedat
thehigh Tmu. Thesechangeswereccmsistentwiththehardnessbehavior.

Fhotomicrographsof Ihconel550spectiensthathadfailedinthermal “
fatigueareshowninfigures16(d)to (h). As inthecaseofS-816,
allfailuresweretraascrystdline.Therewasnomarkedincreasein
precipitationinthesespecimens.Notethgmannerinwhichthegrain

<

boundarieshavebrokenintostepsinthespecimenscycledat ~a of
1350°snd1550°F (figs.16(d)snd(e)),andalsoto thetw5nninginthe
lowergraininfigure16(d),At a T- of1600°F, recrystallization
alongslipplsneswasespeciallypronounc~(figs.16(f)and(g),and
especially,fig.16(h)),slthoughitcould-beobservedat Tma aslowas ‘-
1450°F. Also,thefozmationofvoidswasverye~dentatthe Tmw ---of
1600°F (e.g.,fig.16(f)).

EffectofThe atMaximumCycleTemperature

Thetimeofexposureat ~ sLsosffectedNf as showninfig-
ure170 Thiseffectwasstudiedby increasingtheholdthe at ~=
frcm15 secondsto 1 minute.Forbothalloys,increasingtheholdtime
at Tm= by a factoroffourincreasedNf athigh Tma snddecreased
Nf at low Tin=. ThecrossoverWintswereat1360°F forS-816smdat
1510°F forInconel550,endtheeffectoftimeappearedmorepronounced‘“”
forS-816themforInconel550. T
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Althoughtheeffectofthetimeat Tmu appearssmsU,particularly
forIhconel550,it issignificantthatitcanbe observedinrelatively
shorttimes.Wherepartsin servicearemaintainedathightemperatures
formuchlongertimesthentheexperimentalcyclesusedhere,theeffect
maybemoresevere.Thedisagreementbetweenshort-timethermal-shock
testsinthelaboratoryandservicelivesmaybe partiallyduetothis
effectoftine.

FhotomicrographsofspecimensofS-816andlhconel5.Xlthathadbeen
m fracturedattemperaturesbelowthecrossoverpointsareshowninfigure
co 18. Additionalprecipitationwasveryevidentinbothalloys.Notethe
s twinning,grainboundaryfrqpnentation,and“steps”producedwithinthe

grainsoftheIhconel550specimen.

EffectofStrainChange

Attemptsto correlatethenumberofcyclestofail-mewiththesmount
ofplasticdeformationperhalfcycleby theequation

Nf= ~%-n (1)

were unsuccessful,as indicatedby thedataforS-816plottedinfig-
. ure19. Forequation(1)tobe valid,thelog-logmethodofplottingin

figure19 shouldreducethedatato a singlestraightline,whichis
obviouslynotthecase.Althoughtheresultsfora singleseriesoftests,

. SUti as tho~e at constant~ti (circlesjfig.~)j~i@t be satisfiedbY
a straightlinefora limitedrsngeorforlowvaluesof Tmaj thecurve
sweepsupwardsathigh ~= sothat Nf isgreaterthanwouldbe pre-
dictedby a straight-Meextrapolateionoftheresultsatlow T ~.

7Resultsfora seriesoftestsat constantAZ!(diamonds,fig.19s are
considerablydlfferentfromtheresultsat constantT~n. Althoughthere
wsaverylittlevariationintheaverageplastic
forthethreespectiensat constantM!,Nf was
Tma increased.

Itmustbe admittedthatthecalculationof

strain perhslfcycle
si~ificantlyreducedas

theplaaticstrainper
haE cycle,bothinthepresenttestsandinthoseof C!offin (refs.16 to
l%),involvessaneerrorsandapproximations.Detail-saregivenin
appendixB. Themostseriouserroristhefactthatthestrainwaanot
uniformalongthetestsectionduetothetemperaturegradientandthe
mannerofheathgsndcooling,asdiscussedearlier.Ideally,theplastic
strainshouldbe evaluatedinthenarrowsectionatthecenterofthetest

%!hethreespecimenstestedT
ofmaterisLthanthosetestedat
%lSx= 1350°F,~ = 200°F iS

.

at constant AT werefroma Uferent
C~t=t Tmin) so that the point for

not ccmnon(discussedinfootnote2).

bar
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sectionwherefractureoccurred.Actually,the
thecalculatedaverageplasticstrain(ordinate
tratedintheareaofthefracture.Itappears

NAC.ATN 43-60 .

higherthe Tmu, themore .
infig.19)wasconcen-
doubtful,however,that

correcting the average plastic strah over the test sectkn to the actual
plastic strain in the region of fracture would reduce all.of the data
points plotted in figure19to a singlestraightltie.Thetestcondi-
tions,particularly~u, appesrtobe importantfactorsinadditionto - -
thecyclicstrti. Forexample,whenthecyclictimeofexposurewas
increasedathighvaluesof ~u, thecyclicplaSticStr!3inWaS ~SO

increased by virtue of the creep strain that occurred duringthelonger
timeofholding;nevertheless,despitethisincreaseinstredm,thenum-
berof cyclesto failurewasincreasedby theincreaseinholdingt3me,
ratherthanreduced,aswouldbe requiredby equation(1). Thus,itis
concludedthatthenumber
thecyclicplasticstrain
tionaltermsdefiningthe
applicability.

ofcyclestofailureisnotgovernedsolelyby
endthatequation(1)mustbemodifiedby addi-
testconditionsinordertohavegeneral

CONCLUSIONS

The followingconclusions have been drawn from a study of the effeet
ofthetestconditionsonthenmnberofcyclestofailureinthermal
fatigueforthemateria3sandtestconditionsstudied: .

1.Thenumberofcyclesto failurewasmoresensitiveto chsngesin
themaximumcycletemperaturethsnto changesinthetemperature .

difference.

2. Increasingthettieofexposureathighmaxhumcycletemperatures
increasedthenumberof cyclesto failure,wheresathesameincreasein
timeatlowmeximmcycletemperaturesdecreasedthenumberofcyclesto
failure.

3.Thenunberofcyclesto failuredependsupontemperaturesmdtime
effectsinadditionto thethermalstrainsabsorbedby plasticflowin
themateriels.

—.

LewisFlightPropulsionLaboratory
NationelAdvisoryCommitteeforAeronautics

Cleveland,Ohio,June30,1958
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APPENDIXA

CALCULATIONOFSTRESSANDAVERAGETCYJYiLSTRAININTESTSECTIONDURING

CONSTRAINEDCOOLINGFRCMMAXIKUMTOMINIMUMCYCLETEMPERATURE

Thenomenclatureusedinthisappendixisasfollows:

A= scslemovement of strain gage on test section of spectien during
cooling from ~= to ~ while loose,in.

B= scalemovementof straingageontestsectionof spectienduring
coolingfrom ~u to ~ti mile constratied}ho

C!= magnificationfactorof straingage

D= scalemovementofdialgageatlooseendof specimenduringcooling‘
from Tm= to kin whileloose,in.

E= modulusofelasticityofmaterisL,psi

~ additiontotheaboveswboIs,tielettersX ~d X’ areused
inthefollowingderivationtoreferto thepositionsoftheopposite

. endsofthespetien,as tidicatedh figure1, thelettersYand Y’
referto thepositionsoftheouterendsoftheshouldersadjacenttothe
testsection,endthelettersZ snd Z’ referto thepositionsofthe.
oppositeendsofthetestsection.

Whenthespecimenis cooledfr~ ~u to ~n tie Ioosej
pointsZ and Z’ movetogethertheamountA/C,andNtits X ti X’
movetogetherthesmountD. Sincethelargeshouldersato~site ends
undergono temperaturechangeduringheatingendcoolingthetestsection,
thepointsY and Y’ alsomovetogetheran smountD. Thus,thefree
contractionofthetestsectionis A/C!andthatofthetwoadjacent
shouldersis D - A/c.

When thessmecoolingisrepeatedwhilethespecimenisconstrained,
thepointsZ and Z’ movetogetheranamountB/C (whereB/C<A/C),
sndpointsY and Y’ (aswellas X and X’)do notmovesincethey
areheldfixedby thegrippingblock.m thiscase,thetestsection
mustthereforebe stretchedthesmountA/C- B/C= (A- B)/C!.At the
sanetime,theadjacentshoulderswe ~ed outtiesmo~t D - A/C
thattheywouldhavecontractedbecauseoffreecoolingplustheaddi-
tionalsmountB/C;thatis,theadjacentshouldershavebeenstretched
theamountD - A/C+B/C= D - (A- B)/CO

.

.
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Theamountofelasticandplasticdefozznationthat
undergoesduringconstrainedcoolinginorderto absorb
strainisthereforeequalto (A- B)/C. Dividingthis

NACATN 4160
-—

the testsection
the therml

.

qusntityby the
lengthofthetestsection,whichis‘12 inch,givestheavers.getotal.

{strain,whichisplottedinfigure8(a forthefirstcycleofconstrained
coollngsndinfigure10(a)at N = &f.

Inorderto cslculatethestressinthetestsection,thestressin
theshoulderswasfirstcalculatedbymul.tiplyingthestr&.in
shouldersby themodulusofel=ticity.Sincethelengthof
adjacentto thetestsectionwas2 inches,thisgives

inthe
the shoulders %

8

forthestressintheshoulders.Multiplyingthisqusrrtityby theratio
ofthecross-sectionalsreasoftheshouldersandthetestsectiongives
thestressinthetestsection,whichisplottedh figures8(b)and
10(b).

●

.
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CALCULATIONOFAYERAGEI%ASTICSTRAININTESTSFCI!IONDURING

CONSTRAINEDCOOLINGFROMMAXIMUMTOMINIHUMCYCLIC!TEMPERATURE

Theaveragetotal.straininthetestsectionsmdthestressinthe
testsectionwerecalculatedby themethoddescribedinappendixA. This
wasdoneforthecycleN = 1/2Nf. Theelasticstraininthetestsec-
tionwasnextcalculatedby dividingthestressby themodulusofelas-
ticity.Themodulusofelasticitywasevaluatedattheaveragetempera-
tureof ~ and ~. Theaverageplasticstrainwasthencalculated
by subtractingtheelasticstrainfromthetotalstrain,- tiisiSthe
quantityplottedinf@e M.
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C-48023

Figure3.- Thermocouplewiresspot-weldedtoS-816specimen
(specimenhadbeencycled200timesbetween1350°and200°3’).
Electrolyticallyetchedina dilutesolutionofnitricand
hydrochloricacids.X250.
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Figure4. - Temperatureprofilesoftestspecimens.
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Figure 5. - Couclutid.Photograph of equlpmnt. 8!
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(a) S-816electrolyticallyetched in a dilute solution of sulfuric
andboricacids.

●
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.

Figure6. - Microstructureofheat-treatedspecimenbeforetest.X250.
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C-48025

(b) Inconel550electrolyticallyetchedina dilutesolutionof
hydrofluoricacidandglycerolinwater.

Figure6. - Concluded.Microstructureofheat-treatedspecimen
beforetest. X250.

.
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Figure7. - FreecontractionofS-816andInconel550duriugcoolingfrom
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Figure7. - Concluded.Rreecontractionof S-816andInconel550during
coollngfromvariousmaximumtemperaturesto a minimumtemperatureof
200°F.
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(a)Coolingfrom Tmm = T1.
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(b)Cooling

lengthoftestsection

from T- = T2 ST1.

Figure9. -
cooling.

Temperatureconditionsduring
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duringconstrainedcoollngfromvariousmaximumcycletemperaturesto a
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Figure11. - hmountof bulgingin specimensthathad failed
in thermalfatigueat various T-. Minimumcycletempera-
ture,200°1?;clsmpedat maximumcycletemperature;heator co
30 seconds;at temperature,l!5seconds.
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C-46026

(a)S-816specimenfracturedbetween1200°andZOO”F. Electrol@-
icallyetchedina solutionofaquaregiaandglycerol.X250.

Figure16.- Microstructureof specimenthathadbeenfracturedby
thermalfatigue.

49



50 NACATN 4160

C-480q

(b)S-816specimenfracturedbetween1450°and200°F. Electrol@-
icallyetchedina solutionofaquaregiaandglycerol.X25O.

Figure16.- Continued.Microstructureof specimenthethadbeen
fracturedby thermalfatigue.
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c-48028

(c)S-816specimenfracturedbetween16CQ0andX30°F. Ele~t~lti-
icallyetchedina solutionofaquaregiaandglycerol. .

Figure16.- Cmtinued= Microstructwe of specimen that had been

fractured by thermal fatigue.



52 NACATN 4160
.

.

r .;

v’.,J” ‘-(“ , .“.s.,-‘“,.!.
,, ‘-a

“/‘,’ . .
,*

. ,:.
.

.- ;“6 :.;.”’... .- .-
,J”.. .-

“’+4:~;
.*, ..:

;* *+.:Lj(,,’. ..-,:...:,----... ::....,. . . ~●:., #.. I

,.

... ‘6::. ...
t

.:.’....-..- +.”,. ._:-, ....+ ... . .

:i “.
,-.

. .. ..-

/ .)“
.: .:%.[S i-. ‘. -i’ :, .*i. . . ,. “~,:9.

---- ;.
. . . .>;,+;.. ----

●
..? - “-.*X i’.?.. “: ‘ $,.

C-46029

(d)Inconel550specimenfracturedbetween1350°and200°F.
Electrolyticallyetchedina solutionof sulfuricacid,
aquaregia,andMarble’sreagent.X250.

Figure16.- Continued.Microstructureof specimenthathad
beenfracturedby thermalfatigue.
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(e) Inconel55Clspecimenfracturedbetween1550°and200°F.
Electrolyticallyetchedina solutionof sulfuricacid,
aquaregia,andMmble’sreagent.X2!XI.

Figure16.- Continued.Microstructureof specimenthathad
beenfracturedby thermalfatigue.
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C-46031

(f)Inconel550specimenfracturedbetween1600°and200°F.
Electrolfiicallyetchedina solutionof sulfuric.acid,
aquaregia,andFkrblelsreagent.X250.‘

Figure16.- Continued.Microstructureof specimenthathad
beenfracturedby thermalfatigue.
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(g)Inconel5= specimenfractmedbetween1600°and200°F.
Electrol@ica~etchedina dilutesolutionofhydrofluoric
acidandglycerolinwater.X1.00.

Figure
been

16.- Centinued.Microstructmeof specimenthathad
fracturedby thermalfati.gue.



56 NACATN4160

~:..,..,.. ;.
-— ... .

+ y—xm.p . . . . . .
--- .,,._ .,.:- . . .,.. - . ... “-”:::-Tt,. “-

-— ----- ..: “. ...x....
.L —.. ..— —— . . . ..-—. — .—. ..—
-. —--- . . . . . . .

=. . . .

~..._-.-. .,. =, - ;:“%,;?2”-:4”’7’...+!*.-.s-”-...s..=....Am.-.—___~------ 3 8-+.;-r*..-IL”>–-..-–,–:-------...:,..

1-. “- ●

C-48033

(h)Inconel550specimenfracturedbetween1600°and200°F.
Electrolyticallyetchedina dilutesolutionofhydrofluoric
acidandglycerolinwater.~50.

Figure16.- Concluded.Microstructureof specimenthathad
beenfracturedby thermalfatigue.
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(a)S-816specimen
icallyetchedin

fracturedbetween
a dilutesolution

1250°am Z(X)OF. Electrolyt-
of sulfuricandboricacids.

Figure18.- Microstructureof specimentkthadbeenfracturedby
thermalfatigueon 30-60-30-15cycle.X250.
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C-48035

Electrob-b-(b)Inconel550specimen fracturedbetween13!3°and200°F.
icallyetchedina solutionofhydrochloric,nitric,andsulfuricacids.

Figure18.- Concluded.Microstructureof’specimenthathadbeenfractured
by thermalfatigueon 30-60-30-15cycle.X250.

b

●



. ““.

Maximumcyc M
temperature,

(“ T=,

%

\ Q~45 o ~14 al

4 moo
1450

\

.0001 \

\
-..Ql&

\

.ml
400 6(XI8C0 10CO 2020 4oOa 6C o

E1.250

L-
0,000

Constant T~n = 200° F
Conetant cm a 11500 p

%J-)1 200

\

20,000 40,000 60
Numberof cyclesto failure,Nf

F@ure 19. - Variationof the numberof cyclesto failureof S-816 specimenswith the average
phetic strain per half c~le. Heat m? cool,30 seconds;at temperature,M secti.


